Normal rat liver cytosol was found previously to contain a 14,000-dalton polypeptide that is the principal target of the carcinogen N-2-fluorenylacetamide (2-acetylaminofluorene) early during hepatocarcinogenesis. By using antiserum that identifies the 14,000-dalton polypeptide in liver cytosol, an immunologically related 17,500-dalton polypeptide was shown to be present in isolated normal liver nuclei, tightly bound to chromatin. We report here that the 14,000-dalton polypeptide is associated with cell multiplication in normal adult hepatocytes. Of 150 hepatocytes in five stages of mitosis, all invariably displayed a greatly increased concentration of the 14,000-dalton polypeptide in cytoplasm, compared to hepatocytes in interphase, by immunostaining with peroxidase, antiperoxidase complex. In contrast, mitosis did not appear to affect the level of the 17,500-dalton polypeptide in nuclei. A small population of high-polyploid hepatocytes with large nuclei had elevated intensities of cytoplasmic immunostpin that approached that in mitotic cells. The increased level of discernible 14,000-dalton polypeptide target of the carcinogen in cytoplasim is a marker of the rare mitotic hepatocytes in normal adult rat liver. Ingestion of the liver carcinogen N-2-fluorenylacetamide for 5 wk or an azocarcinogen, 3'-methyl-4-dimethylaminoazobenzene, for 4 wk brought about early foci of hyperplastic bepatocytes in which there was a great overload of detectable 14,000-dalton target polypeptide in their cytoplasm and a near absence of the 17,500-dalton polypeptide in most nuclei. In contrast, the cytoplasm and nuclei in surrounding morphologically nontransformed hepatocytes of livers of the carcinogen-fed rats immunostained to a much smaller degree than in normal adult hepatocytes. Removal of the azo-dye carcinogen for 4 wk resulted in the disappearance of most hyperplastic foci. A few foci did persist and had similar apparent abnormal levels of the two polypeptides. The high concentration of discernible 14,000-dalton target polypeptide in the cytoplasm of hepatocytes in the hyperplastic foci correlates with their known proliferation, whereas the low cytoplasmic level in the surrounding hepatocytes is consistent with the known inhibition of their mitosis by these carcinogens. The collected evidence appears to join together a chemical carcinogen, a cytoplasmic principal target polypeptide, a chromatinbound polypeptide, mitosis in normal adult hepatocytes, early and persistent hyperplastic foci caused by carcinogens, and the inhibition of mitosis by carcinogens in surrounding parenchyma in preneoplastic livers.
bound to chromatin. We report here that the 14,000-dalton polypeptide is associated with cell multiplication in normal adult hepatocytes. Of 150 hepatocytes in five stages of mitosis, all invariably displayed a greatly increased concentration of the 14,000-dalton polypeptide in cytoplasm, compared to hepatocytes in interphase, by immunostaining with peroxidase, antiperoxidase complex. In contrast, mitosis did not appear to affect the level of the 17,500-dalton polypeptide in nuclei. A small population of high-polyploid hepatocytes with large nuclei had elevated intensities of cytoplasmic immunostpin that approached that in mitotic cells. The increased level of discernible 14,000-dalton polypeptide target of the carcinogen in cytoplasim is a marker of the rare mitotic hepatocytes in normal adult rat liver. Ingestion of the liver carcinogen N-2-fluorenylacetamide for 5 wk or an azocarcinogen, 3'-methyl-4-dimethylaminoazobenzene, for 4 wk brought about early foci of hyperplastic bepatocytes in which there was a great overload of detectable 14,000-dalton target polypeptide in their cytoplasm and a near absence of the 17,500-dalton polypeptide in most nuclei. In contrast, the cytoplasm and nuclei in surrounding morphologically nontransformed hepatocytes of livers of the carcinogen-fed rats immunostained to a much smaller degree than in normal adult hepatocytes. Removal of the azo-dye carcinogen for 4 wk resulted in the disappearance of most hyperplastic foci. A few foci did persist and had similar apparent abnormal levels of the two polypeptides. The high concentration of discernible 14,000-dalton target polypeptide in the cytoplasm of hepatocytes in the hyperplastic foci correlates with their known proliferation, whereas the low cytoplasmic level in the surrounding hepatocytes is consistent with the known inhibition of their mitosis by these carcinogens. 3 ). In addition, nuclear nonhistone proteins and histones react with carcinogens to small degrees (4) (5) (6) . The functional significance of almost all of these interactions in oncogenesis is unknown.
A 14,000-dalton polypeptide in normal liver of rats is the principal cytosolic target protein of the carcinogen, N-2-fluorenylacetamide (FAA; 2-acetylaminofluorene) early during hepatocarcinogenesis (7, 8) . Short-term ingestion of any of the carcinogens, the aromatic amide FAA, the aminoazo dye 3'-methyl-4-dimethylaminoazobenzene, or the amino acid analog ethionine causes a marked loss of the ability of liver to make the carcinogen-polypeptide complex from FAA and a great reduction in the content of the target polypeptide itself (7, 8) . The target polypeptide from normal liver was purified to homogeneity according to molecular size, molecular charge, and immunogenicity and was characterized (3, 9) . Specific rabbit antiserum was prepared that reacted with only that polypeptide in liver cytosol (3) and with both nuclei and cytoplasm in hepatocytes in histological sections of normal adult liver (9) . An immunologically related form of the cytosolic 14,000-dalton target polypeptide was found to exist in liver nuclei of normal adult rats as a 17,500-dalton polypeptide that was firmly bound to chromatin (9) . These findings suggest a connection between a principal polypeptide target of a carcinogen in cytoplasm and a polypeptide in chromatin, where carcinogens are generally thought to act in oncogenesis (1, 2 
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antiperoxidase (PAP) complex (DAKO; Accurate Chemical and Scientific, Westbury, NY) and 3,3'-diaminobenzidine tetrahydrochloride (12) . Control sections that were treated with respective preimmune rabbit sera were virtually unstained. The immunostain in hepatocytes thereby detected the 14,000-dalton polypeptide in cytoplasm and the 17,500-dalton polypeptide in nuclei (3, 9) . Immunohistochemical evaluations involved comparisons between three types of adjacent serial sections-i.e., those stained conventionally with hematoxylin and eosin, those stained immunologically only, and those stained both immunologically and with hematoxylin in order to visualize nuclei and background structures. Counterstaining with hematoxylin was also necessary for detection of the rare mitotic hepatocytes in liver sections. The heavily immunostained cytoplasm in mitotic hepatocytes obscured the nuclei in the absence of counterstain. (Fig. 1 a-d) , and cytokinesis (not shown), regardless of the presence or absence of the nuclear membrane. In contrast, mitosis had no apparent effect on the concentration of immunohistochemically detectable nuclear 17,500-dalton polypeptide (Fig. 1 a-d ; see the summary in Table 1 ).
14,000-Dalton Polypeptide in Polyploid Hepatocytes. The only other liver cells with intense staining in cytoplasm were relatively few hepatocytes of high polyploidy. Nuclei of hepatocytes in normal liver exhibit a range of diameters reflecting their increased ploidy with the age of the rat (13) . The hepatocytes with intermediate-sized nuclei, presumably tetraploids, had cytoplasmic staining levels of the polypeptide similar to diploids at the same intralobular locations. On the other hand, the cytoplasm of certain hepatocytes with still larger nuclei, presumably octaploids, had elevated concentrations approaching that in mitotic cells (Fig. le) . In contrast, the nuclei themselves of all polyploidy had detectable concentrations of the chromatin-bound 17,500-dalton polypeptide like those in diploid nuclei of the same intralobular region, sometimes even less ( Fig. le; see the summary in Table 1 ).
14,000-Dalton Polypeptide in Early Hyperplastic Foci. Short-term ingestion of liver carcinogen brings about early hyperplastic foci in which the hepatocytes display greatly altered levels of the two polypeptides. Feeding the carcinogen FAA for 5 wk or 3'-methyl-4-dimethylaminoazobenzene for 4 wk results in foci of proliferating hepatocytes (8, (14) (15) (16) . The morphologically nontransformed cells in the surrounding parenchyma exhibited little or no cytoplasmic or nuclear Cell Biology: Custer and Sorof immunoreactivity, indicative of apparent loss of the two polypeptides ( Fig. 2 b and d) . In contrast, the early hyperplastic foci consisted of hepatocytes with abundant cytoplasm that intensely immunoreacted. Fig. 2 a-f shows adjacent serial sections that were stained either with the specific antiserum against the 14,000-dalton polypeptide or with hematoxylin and eosin. The morphological outlines of the darkly immunostained cell clusters matched those of the hyperplastic foci. The high intensity of the cytoplasmic immunostain at least equaled and usually exceeded that of normal mitotic hepatocytes. In contrast to the cytoplasm, most of the nuclei within the hyperplastic foci were not stained by the antiserum. Thus, as summarized in Table 1 Proc. NatL. Acad. Sci. USA 81 (1984) carcinogens produce early islands of hyperplastic hepatocytes in which the cytoplasm is apparently heavily overloaded with 14,000-dalton polypeptide and most nuclei virtually lack the 17,500-dalton polypeptide, all surrounded by cells that have little of each polypeptide. 14,000-Dalton Polypeptide in Persistent Hyperplastic Foci. Chemically induced liver tumors appear to arise from within persistent foci of hyperplastic hepatocytes that remain after the feeding and then long-term removal of carcinogen (14, 15, 17). The question arose of whether these more progressed hyperplastic hepatocytes continue to be demonstrably abnormal in regard to the two polypeptides. Rats were fed the diet containing the azocarcinogen 3'-methyl-4-di- 
FIG. 2.
Early hyperplastic and polypeptide foci of hepatocytes in rats fed carcinogens. Immunohistochemical detection of increased concentrations of cytoplasmic 14,000-dalton target polypeptide and loss of the 17,500-dalton nuclear polypeptide in hepatocytes of early hyperplastic foci in rats fed carcinogens. Immunochemistry used the antiserum against the 14,000-dalton target polypeptide and the PAP complex. Bile ductular proliferation and hepatocytic hyperplastic buds and foci are early changes caused by the hepatocarcinogens 3'-methyl-4-dimethylaminoazobenzene and FAA, the former acting more quickly and aggressively. (a) Many hyperplastic foci of hepatocytes are strongly immunoreactive in a liver section from a male Sprague-Dawley rat fed the 3'-methyl-4-dimethylaminoazobenzene diet for 4 wk. The (Fig. 3) . In contrast, the morphologically nontransformed cells in the surrounding parenchyma were unevenly immunostained in cytoplasm and nuclei (Fig. 3) . Thus, as summarized in Table  1 and Fig. 4 , like the hepatocytes in the early hyperplastic foci, the hepatocytes in the persistent hyperplastic foci exhibited the same overload of detectable target polypeptide in cytoplasm and the near absence in nuclei, while the surrounding hepatocytes appeared to be partially recovered.
DISCUSSION
The 14,000-dalton polypeptide that is the principal target of the carcinogen FAA appears to be associated with cell multiplication of normal adult hepatocytes. The cytoplasm of hepatocytes in all stages of mitosis stands out as apparently containing highly elevated levels of the protein. It is noteworthy that at any one time, fewer than 1 in 1000 hepatocytes are dividing in normal adult rat liver (13) . Thus, the presence of exceptionally high concentration of detectable target polypeptide in cytoplasm is a marker of the rare mitotic hepatocytes in normal adult liver. However, mitosis does not perceptibly alter the level of the nuclear 17,500-dalton polypeptide. Similar concentrations of this polypeptide appear to be present in nuclei throughout all phases of mitosis, even when the nuclear membrane disappears, consistent with the tight affinity of that polypeptide with liver chromatin (9) .
Some, but not all, polyploid hepatocytes with large nuclei, presumably octaploids, have cytoplasmic concentrations of the 14,000-dalton target polypeptide that approach those of mitotic hepatocytes in normal adult liver. Nevertheless, octaploid hepatocytes are not able to undergo cell division (13) . One can speculate that genic derangements accompanying high polyploidy in some hepatocytes may lead to elevated levels of the polypeptide as a result of more gene copies, block(s) in premitosis, enhanced synthesis, or lessened degradation.
The presence of the 14,000-dalton polypeptide is responsive to the state of differentiation in hepatocytes. Normal adult liver differs from neonatal liver and regenerating liver after partial hepatectomy in many regards (18) . Many but not all isozymes and mRNAs in regenerating liver are reportedly characteristic of embryonic liver (18, 19) . In fact, hepatocytes of neonatal rat liver have none of the two polypeptides, and hepatocytes of regenerating liver have only low discernible levels, even in the presence of high mitotic activity (unpublished data). The 14,000-dalton polypeptide, therefore, appears not to be necessary for cell multiplication in all stages of differentiation of hepatocytes. Rather, the polypeptide is associated specifically with mitosis of hepatocytes in normal adult liver and with carcinogen-induced hyperplasias, perhaps acting as a modifier of mitosis in those states of differentiation in hepatocytes.
Changes in the immunostaining of liver sections have been interpreted in terms of the concentrations of the two polypeptides. It seems plausible that the observed differences Representation of the discerned levels of the cytoplasmic 14,000-dalton target polypeptide of the carcinogen FAA and the nuclear 17,500-dalton polypeptide in normal interphase and mitotic adult hepatocytes, in morphologically nontransformed hepatocytes exposed to carcinogens, and in hepatocytes of early and persistent hyperplastic foci caused by carcinogens. The apparent concentrations of the two polypeptides are depicted as indicated in Table 1 . 3'-Me-DAB, 3'-methyl-4-dimethylaminoazobenzene.
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Cell Biology: Custer and Sorof may also reflect in part alterations in the accessibility of the antibodies to the polypeptides-e.g., the extent of complexation with nucleic acids, as in a recent study (20) . That changes in the concentrations of the two polypeptides may actually be involved is supported, first, by our earlier demonstration of the depression in the amount of chemically detected 14,000-dalton polypeptide in rat liver cytosols after ingestion of three carcinogens (7); second, by the use of polyclonal antisera that presumably detect many antigenic determinants of both polypeptides (refs. 3 and 9 and this report); and possibly third, by the previous finding by Gronow and Thackrah of the disappearance of a chemically detected nonhistone 17,500-dalton polypeptide from the euchromatin of livers of rats administered the hepatocarcinogen diethylnitrosamine (21) . Nevertheless, it is important to note that, even if alterations in accessibility and complexation are also involved, the essentials as outlined in Table 1 and Fig. 4 remain the same-only the nature of the underlying changes may in part be different. Hepatocytes in early hyperplastic foci caused by the liver carcinogens, FAA and 3'-methyl-4-dimethylaminoazobenzene, contain a marked overload of perceptible 14,000-dalton target polypeptide in their cytoplasm and a near absence of the 17,500-dalton polypeptide in most nuclei. This imbalance of the two polypeptides constitutes a marker of the hyperplastic hepatocytes. In contrast, the morphologically nontransformed hepatocytes in the surrounding parenchyma have little or none of the two polypeptides. Long-term withdrawal of the azocarcinogen results in the reversal of these alterations in most hepatocytes. Importantly, the few hyperplastic foci that do persist have measurably abnormal levels of the two polypeptides like those of the early hyperplastic foci. It seems reasonable to deduce from the reversibility of most early polypeptide foci that genic changes are not at the basis of those aberrations. However, the finding of apparently irreversible, persistent polypeptide foci suggests that hereditable alterations are involved in their perpetuation. Farber and his co-workers have shown that chemically induced liver tumors appear to originate from within persistent hyperplastic foci and have inferred a direct lineage between them (14, 15, 17) . Similarly, the present finding of an overlap between the persistent hyperplastic foci and polypeptide islands suggests a connection between the persistent foci of the two polypeptides and neoplasia. Such a relationship is supported by our recent observations of close physical contacts between the polypeptide foci and early liver neoplasms.
The 14,000-dalton target polypeptide of the liver carcinogen acts in a manner that reflects the growth activity of hepatocytes in response to the two carcinogens (Table 1 and Fig.  4 ). High levels of that molecule in cytoplasm are associated with mitosis in normal adult hepatocytes and with the carcinogen-induced hyperplasias. In contrast, markedly depressed concentrations of the polypeptide are present in the cytoplasm of the surrounding morphologically nontransformed hepatocytes in the carcinogen-fed rats. Many investigators previously have implicated the inhibition of mitosis by carcinogens in the morphologically nontransformed cells and the lack of such inhibition in initiated cells as being responsible for the focal regeneration, focal transformation, and focal neoplastic progression in liver oncogenesis (reviewed in refs. 14 and 15). Accordingly, Solt, Farber, and their colleagues have employed FAA, 3'-methyl-4-dimethylaminoazobenzene, and ethionine to differentially inhibit mitosis in their model of rapid production of hyperplastic nodules in adult rat liver (reviewed in refs. 14 and 15). Although the 14,000-dalton polypeptide has not been experimentally linked to any growth-stimulating or cell-transforming activity or to a product of any cellular oncogene, the reported inhibitions of mitosis in the morphologically nontransformed hepatocytes by these carcinogens and the proliferation of hepatocytes in hyperplastic foci are consistent with the observed differences in their apparent content of the 14,000-dalton polypeptide. Thus, the collected evidence appears to join together a chemical carcinogen, a cytoplasmic target polypeptide, a chromatin-bound polypeptide, mitosis in normal adult hepatocytes, early and persistent hyperplastic foci caused by carcinogens, and the inhibition of mitosis by carcinogens in the surrounding parenchyma in preneoplastic livers.
